suppresses quadrupolar ordering, and instead promotes hybridization between the Γ 3 doublet and conduction electrons, leading to most likely the quadrupolar Kondo effect.
The Kondo effect based on hybridization between a 4f moment and conduction electrons has provided a number of nontrivial phenomena in Kondo lattice systems, such as heavy Fermi liquid, Kondo insulator, unconventional superconductivity and quantum criticality. While the Kondo effect using a magnetic dipole moment is well established, it remains elusive whether a nonmagnetic analog is possible using multipole degree of freedom.
Theoretically, a nonmagnetic Kondo effect is found possible using the quadrupole degree of freedom. Cox has shown that when a f 2 ion such as U 4+ and Pr 3+ has a cubic site symmetry and a nonmagnetic ground doublet (Γ 3 ), the electric quadrupole moment of the ground state may interact with conduction electrons and produce renormalized properties characterized by a new small energy scale T QK . 1) In this case, the quadrupolar interaction has more than one electron channel and this leads to overscreening of localized electron by conduction electrons. The ground state is thus non-Fermi-liquid with residual entropy of 1/2R ln 2, exhibiting anomalous metallic behavior, such as logarithmically divergent specific heat C P , −T 1/2 or − ln T dependent susceptibility, and T 1/2 dependent resistivity.
2, 3)
Motivated by the theoretical proposal, experimental studies have been extensively made so far. However, well-established cubic 4f 2 Γ 3 lattice systems are still limited to a few compounds such as PrPb 3 , PrPtBi, PrInAg 2 , and PrMg 3 .
4-7)
The first two show quadrupolar ordering. In particular, PrPb 3 is the unique example having a modulated quadrupolar phase, suggesting partial quenching of quadrupole moments by the hybridization. 8) In contrast, PrInAg 2 and PrMg 3 do not exhibit any long-range order.
6, 7)
Instead, for both systems C P /T saturates to a large value as T → 0, as predicted for the single-channel Kondo impurity model. Thus, it is inferred that the local Γ 3 quadrupole moments are quenched by hybridization with conduction electrons. It should be noted, however, that both are the Heusler-type compounds where a random site exchange is possible.
Generally, if such disorder exists, it might lift the degeneracy of the non-Kramers Γ 3 doublet and induce a nonmagnetic ground state, but in the absence of the long-range order, it is hard to isolate the disorder effects. On the other hand, if the cubic Γ 3 -doublet system exhibits a quadrupole long-range order, the degeneracy remains at least down to the transition temperature. Therefore, if the quadrupolar ordering temperature can be decreased by increasing the hybridization strength, one might reveal the evolution of Single crystals of RT r 2 Al 20 (R =Pr, La, T r =Ti, V) were grown by an Al self-flux method under vacuum, using 4N(99.99%)-Pr, 3N-La, 3N-Ti,V and 5N-Al. The crystal structure was verified by the X-ray powder and single crystal diffraction measurements and is found to have the lattice parameter a = 14.723(7)Å (Ti) and 14.591(2)Å (V).
We found no sign of randomness or distortion such as site exchange and deformation of the Al cage surrounding Pr ion.
12) The resistivity ρ and the specific heat C P above 0.4 K were measured by a standard four-probe dc method and a relaxation method, respectively. The dc magnetization M was measured for 1.9 < T < 350 K by a SQUID magnetometer. The residual resistivity ratio (RRR) reaches up to 300 for PrTi 
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Comparison is made with the Schottky peak calculated using the CEF scheme of PrTi 2 Al 20 . (Fig. 1(b) inset) . S 4f for both systems shows a saturation to ∼ R ln 2
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at T ∼ 5 K, indicating the ground doublet ( Fig. 1(b) ). No Schottky anomaly due to the Zeeman effect of 4f moments was observed in C 4f under a field of 9 T for both systems. Γ 4 and Γ 5 are the magnetic triplets under the cubic crystalline electric field (CEF) and have the respective magnetic moments of 0.4 and 2µ B . Insensitivity of C 4f to the magnetic field ( Fig. 1(a) ) rules out such magnetic CEF ground states and indicates the nonmagnetic ground doublet Γ 3 .
Indeed, inelastic neutron measurements for PrTi 2 Al 20 confirm the Γ 3 ground doublet and that the excited Γ 4 , Γ 5 , and Γ 1 states are separated from Γ 3 by 5.7, 9.5 and 13.6 meV, respectively. 13) This scheme roughly reproduces the CEF Schottky anomaly seen as a broad peak of C 4f at ∼ 30 K in PrTi 2 Al 20 ( Fig. 1(a) ). Most likely strong hybridization between 4f and conduction electrons broadens the peak in comparison with the CEF calculation, as we will discuss. Likewise, PrV 2 Al 20 has a broad peak at ∼ 20 K, indicating that the CEF gap ∆ to the first excited state is ∼ 40 K. Given [111]
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PrTi Al to quadrupolar order, and is the effects of dipole moments induced by magnetic field, which assist the quadrupolar ordering.
14, 15)
Now, we consider the paramagnetic phase above T O to discuss the Kondo effect. divergent increase in C 4f /T , which shows ∼ 1/T α dependence below 10 K with α ∼ 1.5, and reaches ∼ 5 J/mole-Pr K 2 at ∼ T O (Fig. 1(b) inset) . The T range is too wide to ascribe this enhancement to critical fluctuations associated with the transition at T O = 0.6 K. In addition, χ 4f (T ) of PrV 2 Al 20 shows pronounced − √ T dependence over a decade of T between 2 K and ∼ 30 K (Fig. 2 (c) ). This cannot be understood in terms of a CEF effect, which only produces a T independent Van Vleck χ. Actually, this type of anomalous increase in the Van Vleck paramagnetic regime has been seen in other cubic Pr compounds such as PrMg 3 , 21) and is ascribed to the hybridization effect between 4f Γ 3 and conduction electrons, as the theory for the quadrupolar Kondo effect
K and 20 K (Fig. 4 and its right inset), again as predicted for the quadrupolar Kondo effect.
2) The T 1/2 dependence in χ(T ) and ρ(T ) is found in all the samples with various sample quality (e.g. see Fig. 4 
inset).
In contrast, quadrupoles in PrTi 2 Al 20 are more localized than in PrV 2 Al 20 . This is inferred from the small amount of entropy release ∼ 10 % of R ln 2 above T O . A weak T dependence in ρ(T ) below 10 K down to T O also suggests local fluctuations of localized quadrupoles. Although weak, the system still exhibits hybridization effects.
χ 4f shows − √ T dependence at lower T (< 9 K) than in PrV 2 Al 20 ( Fig. 2 (c) ). On the other hand, ρ(T ) fits to a T 2 law at T < 20 K (Fig. 4 and its right inset), which suggests mass enhancement of conduction electrons through the hybridization. Because the Γ 3 doublet degeneracy is not lifted down to T O , the Kondo effect using the quadrupole degree of freedom such as quadrupolar Kondo effects may well be the origin of the anomalous metallic behavior seen in PrV 2 Al 20 . In fact, the √ T dependence seen in both χ 4f (T ) and ρ 4f (T ) is consistent with the theoretical prediction.
2)
In addition, while the observed T −3/2 dependence of C 4f /T is more divergent than the − ln T divergence predicted by the theory, the entropy release below T O is close to the theoretical amount of the residual entropy ∼ 1/2R ln 2 ( Fig. 1 (b) ). This suggests that the quadrupolar Kondo effects are dominant at T > T O , suppressing the instability of quadrupolar order by strongly screening the quadrupole moments.
1) The fact that the √ T dependence of both χ 4f (T ) and ρ 4f (T ) is seen irrespectively of RRR points to the single ion character of the quadrupolar Kondo effect. On the other hand, the anomalous metallic behavior seen up to relatively high temperature of ∼ 20 K in PrV 2 Al 20 suggests the Kondo scale T QK ∼ 100 K, according to the theory for the single ion quadrupolar Kondo effect.
2) This is apparently too high for the theoretical model, and calls for the theoretical extension to include the lattice and CEF effects.
Finally, the fact that the increase in the Kondo coupling in turn decreases the ordering temperature and leads to anomalous metallic state suggests the proximity to a quantum critical point separating a quadrupolar ordered state and a disordered ground state. As far as we know, no such possibility has been discussed either experimentally or theoretically. The study of the PrT r 2 Al 20 family might allow us to find such a novel quantum critical point and may unveil further exotic phenomena.
